Generating entangled states is a vital ingredient for quantum information engineering. Here, we investigate the entanglement generation between two quantum dots coupled to nanoring surface plasmons with asymmetric coupling strength g 1 and g 2 . The dynamics of concurrence C is obtained by solving the corresponding master equation. High entanglement can be generated at appropriate times through the scatterings of the incident field and its scattered field. Furthermore, we find that maximum entanglement can be created when r ≡ g 1 ∕g 2 is the ratio of odd numbers. Contrary to intuition, relative high entanglement (C ≃ 1) can remain even if the ratio r is far off the required values, which is useful in real experiments. © 2012 Optical Society of America OCIS codes: 240.6680, 250.5590, 270.0270, 270.1670, 270.5580, 270.5585.
The concept of plasmonics, in analogy to photonics, has received much attention since surface plasmons (SPs) reveal strong analogies to light propagation in conventional dielectric components [1] [2] [3] . The strong coupling resulting from the band-edge effect can make the SP-emitter system act like an effective cavity system [4] . With the scalability and coherent coupling to the emitters, plasmonic devices [5, 6] on the nanoscale can now be realized.
Recently, much attention has been focused on the scattering properties of the propagating field in quasi-one dimensional cavity resonators coupled to two-level systems, such as the transmission line resonator coupled to a charge qubit [7] , the metal nanowire coupled to quantum dots (QDs) [8, 9] , and the microdisk cavity coupled to one embedded QD [10] . Here we investigate the entanglement generation of two QDs through the scattering of the SPs in a metal nanoring resonator. The interference between the incident and scattered SP in the resonator with asymmetric couplings to QDs can lead to extraordinary concurrence dynamics.
The system under consideration is composed of two semiconductor colloidal QDs, positioned near a metal nanoring [6] as shown in Fig. 1 . In the nanowire limit, jkjR ≪ 1 (here k and R are the wavevectors of the incident SP and the radius of the circular cross section of the nanoring, respectively), the higher modes of the SPs no longer exist, only the fundamental mode (the azimuthal number m 0) remains [6] . The quantum-dot-nanoring system can then be treated as a cavity quantum electrodynamics (QED) system. The incident SP from a evanescently coupled waveguide photon is assumed to propagate clockwise (CW). The counterclockwise (CCW) mode of the SP can be created through the scattering by QDs. Different from the previous studies on the entanglement generation via the single cavity mode [11] [12] [13] , here the CCW mode has to be included in the model Hamiltonian.
Since we consider colloidal QDs, in which an electronhole pair (exciton) can be excited, the above resonatorQDs system can be simplified as two two-level systems interacting with an incident k-mode SP and its reflected −k-mode SP. The corresponding Hamiltonian can then be written as
ikd ak H:c:;
where ωk is the frequency of thek-mode SP, a † k (ak) is the creation (annihilation) operator for thek-mode SP, ℏω 0 j is the energy spacing of the jth QD, and d is the interdot distance. While σ e j ;e j je j ihe j j represents the diagonal element, σ j je j ihg j j is the raising operator for the jth QD and g j is the coupling strength between jth QD and thek-mode SP.
In the single excitation manifold together with the ground state, the basis of the total system is fje 1 ; g 2 ij0i; jg 1 ; e 2 ij0i; jg 1 ; g 2 ij1k k;−k i; jg 1 ; g 2 ij0ig; 2 where j0i denotes the zero SP state, j1ki denotes one excitation in thek-mode, je 1 ; g 2 i (jg 1 ; e 2 i) describes the QD-1 [Eq. (2)] being in the excited (ground) state and the other QD being in the ground (excited) state and jg 1 ; g 2 ij0i is the ground state of the total system. The equation of motion of the density matrix ρ can be obtained from the Lindblad form master equation,
where ρ ρt is the density matrix of the total system and σ − j jg j ihe j j is the lowering operator of the jth QD. Γk denotes the rate of the field damping for thek-mode SP and γ j denotes the polarization decay of the jth QD.
In addition to being scattered by the two QDs, the incident SP may also be trapped [8, 9] between two QDs to form the entangled state, ξ 1 tje 1 ; g 2 ij0i ξ 2 tjg 1 ; e 2 ij0i, where, ξ j t denotes the dynamics of the probability amplitude of the jth QD.
In order to study the entanglement dynamics of the two QDs, we solve Eq. (3) with the initial state [14] ρ0 jg 1 ; g 2 ij1 k i and then trace out the two-mode SPs to obtain the reduced density matrix, ρ s , of the two QDs. To demonstrate the degree of entanglement, we use ρ s to calculate the concurrence [15] C Cρ s max fλ 1 − λ 2 − λ 3 − λ 4 g, which is a measure to quantify the degree of entanglement of two QDs. Here λ i s are the square roots of the eigenvalues of ρρ withρ σ y ⊗ σ y ρ σ y ⊗ σ y . Figure 2 shows both the undamped (continuous black) and the damped (dashed red) concurrence dynamics of the two QDs as functions of time for different d. In plotting Fig. 2 , we have set the coupling strength between each QD and the fields to be equal, i.e., g 1 g 2 g. As seen, high entanglement can be created through the scattering of fields at appropriate times. The behavior of the concurrence dynamics is oscillatory due to the Rabi-oscillations between the QD-exciton states and the SP states. The phase interference induced by different d leads to variations of the oscillation profile and frequency.
In general, to achieve better entanglement, the coupling strength between each QD and the SPs should be identical. We therefore turn to investigate whether it is possible to create high entanglement even if the coupling strength is different. For simplicity, in the following discussions we ignore the dissipations since they only play the role of decreasing the height of the concurrence. By defining a parameter r to be the ratio of the coupling strength between each QD and the fields, i.e., r ≡ g 1 ∕g 2 , we find that for the interdot distances kd 2n 1π∕2, with n being an integer, the condition satisfying the maximum of the concurrence (C 1) can be simply expressed as
where τ denotes the times that the maximum entanglement occurs. The exact solutions of Eq. (4) The white regions correspond to high entanglement with concurrence around 1. In the white region marked by the arrow, high entanglement is easy to be generated experimentally.
In Fig. 3 
continuous black), nπ (dashed red). As seen, the maximum entanglement (C 1) can regularly occur at corresponding times when r is the ratio of odd numbers as we learned from Eq. (5) . In order to show this result is from the interference between k and −k-mode SPs, dotted blue curves in Fig. 3 provides a comparison under the same condition [kd 2n 1π∕2, no dissipations] but include only the k-mode SP. We find that the maximum entanglement would not regularly appear. This result indicates that even the coupling strength between each QD and the fields is asymmetric, high entanglement can still be achieved through coherent scattering of the fields under appropriate interdot distances.
The variations of the coupling strength g 1 , g 2 between each QD and the fields may be achieved by applying external classical fields to orient the polarization [16] of the QD-exciton. However, in real experiments, it is unlikely to precisely control the ratio r of the coupling strength of each QD with the SPs. We therefore plot Fig. 3 (e) to show how the concurrence varies as functions of ratio r and time for kd 2n 1π∕2.
In Fig. 3(e) , the ratio r ranges from 0 to 2, and the white regions in the density plot of the concurrence dynamics represent relative high entanglement (C ≃ 1). As seen, the results coinciding with the continuous black curves in Figs. 3(a)-3(d) can be found. From the white regions in Fig. 3(e) , one notes that high entanglement can still be achieved at appropriate times when the corresponding ratio r is deviated from the required value. Although the dissipations decrease the height of concurrence, fair entanglement still remains in these white regions. In addition, from Eq. (4), the white region in the time interval 0.5 < g 2 t < 1.5 is continuous between the ratio 0.3 < r < 2. This means that high entanglement can be easily created in this region and is useful in real experiments.
A few remarks on experimental realizations should be addressed here. Recent experiments reveal that the metal nanoring cavity with radius of approximately 100 nm can be fabricated [5] and 45 nm accuracy for precise positioning of nanoparticles can be achieved [17] . This indicates that it is possible to variate the interdot distance and the separation between the QDs and nanoring in our system. Furthermore, the corresponding simulations of this metal ring cavity have predicted the ultrahigh Purcel factor (>10 4 ) [18] and long propagation distance (2.17 mm) [19] . In addition, the present theory could also be applied to other similar systems, such as two atoms positioned close to a microtoroidal cacity [20] with the whispering-gallery-mode fields propagating inside the cavity. We therefore believe our proposal is feasible in experimental realizations and deserves to be tested with current technology.
